Introduction
Posterior fossa syndrome (PFS) is a collection of neurological symptoms that occurs following surgical resection of a posterior fossa tumour. It is seen almost exclusively in children. A number of early publications described the effects of posterior fossa surgery on speech. Hirsch et al. were the first to report the phenomenon of PFS as a group of neuropsychological complications, including speech disturbance, in children who underwent surgical treatment for medulloblastoma between 1964 and 1972 (1) . However, it was Rekate et al. who published the first work describing cerebellar mutism (CM) as a clinical entity, occurring as a consequence of bilateral cerebellar injury (2) . They described six children undergoing posterior fossa surgery who sustained a similar postoperative course. Many reports of similar cases followed this publication. The collection of neurological symptoms is now well established as a syndrome; its pathogenesis, however, is still poorly understood.
do not describe exactly the same entity, but only define individual components of the syndrome. Gudrunardottir proposed that CM is a muteness following lesioning of the cerebellum, as opposed to its occurrence with lesions of the cerebrum (3) . Thomale et al. also agree that CM is only one symptom of the CMS complex that also includes ataxia, hypotonia and irritability as well as cranial nerve deficits, neurobehavioral changes and urinary retention or incontinence (3, 4) . Other authors argue that these distinctions are not clinically relevant, as no studies have specifically evaluated whether different anatomical changes underlie the various components of the syndrome.
The reported incidence of PFS following surgery of the posterior fossa in children is variable. A review reported an incidence of 8 to 31% (5) . A higher incidence has been reported in some clinical settings (6) (7) (8) (9) (10) . The onset of symptoms is generally within one week of surgery, manifesting in the first one to two postoperative days. Gross mutism is normally transient, lasting from one day to six months (5, 11, 12) . However, cognitive, neurobehavioral and associated symptoms often persist for longer periods. Other associated symptoms include visual impairment, altered mood, impaired swallowing and significant gross and fine motor deficits. The effects of this can have a devastating impact on both the patient and their carers, posing a significant clinical challenge to neurorehabilitation services. It is because these effects are so significant that it is crucial to understand the risk factors and try to establish methods to reduce its incidence.
Pathogenesis
The pathogenesis of PFS is poorly understood. Several hypotheses have been proposed, including cerebellar perfusion deficits due to vasospasm, oedema or axonal injury due to direct surgical injury, neuronal dysfunction and disaschisis. Neuroimaging has made a significant contribution to the understanding of PFS and has helped to identify the anatomical location of postoperative injury.
Vasospasm
Some authors have attributed postoperative vasospasm of the arteries supplying the cerebellum and brainstem as the primary cause for transient ischaemic injury. The time interval between surgery and the development of symptomatic vasospasm averages eight days (13) . Unlike tumours elsewhere, tumours of the posterior fossa tend to cause more diffuse vasospasm with involvement of both the anterior and posterior cerebral circulation, causing more extensive neurological deficits (14) (15) (16) . However, there are no dedicated studies or imaging evidence to substantiate the hypothesis of vasospasm as a causal factor in PFS. Indeed, if the average time to development of vasospasm is eight days and the average time to develop PFS is one day this hypothesis alone cannot account for PFS.
Oedema
Oedema, occurring within the surgical site as a direct consequence of surgery, peaks at two hours but persists for three days, subsiding by the seventh day (17) . On the basis of immediate post-operative MRI findings oedema involving the superior and middle cerebellar peduncles has been associated with PFS (18, 19) . Postsurgical oedema of the pontine tegmentum has also been associated with PFS (20) . In addition, changes in imaging have been seen in the dentate-thalamo-cortical (DTC) pathway, particularly in its proximal part (pECP). The evidence from neuroimaging is discussed in more detail later in this review.
Axonal/neuronal injury
Axonal injury related directly to surgery has also been implicated in the development of PFS. Radiological evidence of axonal injury may be obtained from studies using diffusion tensor imaging (DTI) which evaluate the white matter tracts.
Neuronal dysfunction may also be important. Siffert et al. attribute the delay in the onset of symptoms in PFS to alterations in neurotransmitter levels and synaptic or trans-synaptic degeneration (21) . Crossed cerebellocerebral diaschisis resulting from injury to the proximal DTC pathway is a form of trans-synaptic degeneration. The abnormal DTI and perfusions noted in the frontal and temporal lobes serve as indirect evidence of this phenomenon (22) (23) (24) (25) .
Risk factors
As PFS does not invariably occur after posterior fossa surgery in children, specific risk factors must play a role in predisposing an individual to it. Identification of risk factors may suggest changes in surgical management in some children, hoping to reduce the incidence or severity of PFS.
In an extensive review, Reed-Berendt et al. (26) 
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© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2016;6(5):582-590 qims.amegroups.com concluded that tumours located in the vermis (7, 9, 27, 28) , medulloblastomas (7, 28, 29) and tumours invading the brainstem (9, 19, 27, 29) were more likely to develop PFS. Factors identified as consistently not being associated with CM included tumour size (7) , gender (7, 9) , postoperative infection and aseptic meningitis (9, 19) . For some other factors, different studies reported conflicting results. These include the age at diagnosis, vermian incision, the degree of resection/presence of residual tumour and oedema in the middle and superior cerebellar peduncles.
Law et al. also conducted a review on the clinical and neuroanatomical predictors of CM (30) . They found that children with a larger tumour size, diagnosis of medulloblastoma and children who were left handed were all more likely to develop PFS.
Telovelar or transvermian approach to posterior fossa lesions
In an attempt to reduce the incidence of CM some variations in surgical technique have been employed. Whilst there are conflicting results as to whether vermian incision is a risk factor to developing PFS, this is potentially avoidable in the surgical approach to posterior fossa tumours. Matsushima et al. first described the microsurgical anatomy of the telovelar approach, underlining its potential to gain access to the fourth ventricle through the cerebellomedullary fissure (CMF) without splitting the cerebellar vermis (31, 32) . The detailed microsurgical anatomy of this approach was described by Mussi and Rhoton (33) .
In the telovelar approach, the CMF is exposed by dissection in a caudal to cranial dissection beginning between the uvula and the tonsil; access to the fourth ventricle is then obtained by incising the tela choroidea and the inferior medullary velum. This approach enables the exploration of the entire fourth ventricle from the obex to the aqueduct. This allows early visualisation of the floor of the fourth ventricle. There are no randomised controlled trials demonstrating that the telovelar approach leads to a lower incidence of PFS, but some case series have reported no occurrence of PFS with this approach (34) .
Critiques of this approach suggest that it provides a narrowed corridor, making complete resection of the tumour potentially more difficult. However, most suggest that with a wide dissection of the CMF and gentle retraction of the tonsil an adequate exposure can be obtained. Large tumours in the fourth ventricle expand the telovelar space and facilitate the approach. In addition, improved access to the lateral recess of the ventricle makes the telovelar approach particularly effective in lesions attached to the cerebellar peduncles. Tanriover et al. compared the transvermian and telovelar approaches on ten formalin fixed specimens (35) . They found that the transvermian approach provided slightly better visualization of the medial part of the superior half of the roof of the fourth ventricle. The telovelar approach, which does not involve incision of any part of the cerebellum, provides additional exposure to the lateral recesses and foramina of Luschka. Deshmukh et al. compared the telovelar approach with and without C1 posterior arch removal to the transvermian approach (36) . They found that the additional removal of the C1 arch offered a larger working area than the transvermian approach, obviating the sole advocated advantage of the transvermian approach to the rostral half of the fourth ventricle. However, this approach was only necessary if the tonsils were pushed below the level of the foramen magnum by the tumour.
Many surgeons now consider the telovelar approach the standard approach for most lesions within the fourth ventricle.
Imaging
The development of new magnetic resonance imaging (MRI) techniques has offered invaluable insight into the anatomy and pathophysiology of PFS. A postoperative MRI scan is generally obtained within 72 hours of surgical resection. The assessment of postsurgical injury on conventional MRI sequences is challenging due to a number of factors, including pre-existing mass effect of the tumour on adjacent structures and peritumoral oedema. Diffusion weighted imaging (DWI) has been suggested to be sensitive in identifying postsurgical changes. This however is dependent on the timing of the scan and postoperative changes such as haemorrhage, intracranial air and artefacts.
One of the first insights from diffusion tractography was the implication of disruption of the DTC pathway. This is the efferent pathway from the dentate nucleus, extending through the thalamus to the frontal cortex, and represents one of the most important outputs of the cerebellum. In view of its proximity to the tumour and surgical field most authors believe that damage to the proximal segment of the DTC pathway is responsible for PFS ( Figure 1) (24, 30, 37) . Several imaging studies have implicated the dentate nucleus, the superior cerebellar peduncle and the mesencephalic tegmentum, which constitute the proximal efferent pathway
, in the development of PFS (Figure 2 ) (18) (19) (20) 23, (38) (39) (40) . As discussed above, other studies have also demonstrated that surgical injury to the cerebellar vermis is also related to the aetiology of PFS (40, 41) . A recent study overcame the limitations found by variations in timing in post-operative MRI scanning (up to 72 hours) by evaluating the final intra-operative MRI scan, where the diffusion abnormalities can be directly attributed to surgical injury (42) . They concluded that diffusion abnormalities on intra-operative MRI were an early predictor of PFS. The authors identified a significant association between abnormalities involving pECP structure and development of PFS. Bilateral involvement of pECP was a highly specific risk factor for predicting development of PFS. Diffusion abnormalities of the inferior vermis were also significantly associated with PFS but did not represent a risk factor in isolation. Miller at al. also found a positive association between bilateral damage to DTC and PFS, in which patients with bilateral damage were 12 times more likely to develop PFS (23) . All this strengthens the body of evidence that bilateral damage to the DTC is seen in patients with PFS.
The pECP is also part of another functional circuit, the dentate-rubro-olivary triangle, also known as the Guillain-Mollaret triangle (GMT). A lesion to either the ascending (superior cerebellar peduncle) or the descending (pontine tegmentum) limbs of the GMT leads to MRI-detectable signal changes in the inferior olivary nucleus (ION), contralateral to the superior cerebellar peduncle, but ipsilateral to the pontine tegmentum tract. A retrospective, comparative MRI evaluation of the ION in postoperative paediatric patients with and without PFS revealed that hypertrophic olivary degeneration (HOD) was a delayed but fairly reliable surrogate imaging marker of damage to the contralateral pECP ( Figure 3 ) (43). Patay et al. recently published a study showing significant association of PFS with HOD, which was characterised by degeneration of the ION following damage to structures including the superior cerebellar peduncle (SCP) and dentate nucleus (DN) (44) . These results reinforce the association between pECP and PFS.
In addition, clinically diagnosed PFS was commonly associated with bilateral HOD by MRI and vice versa. However, one study reports that in left-handed children, unilateral (right sided) pECP injury may be enough to produce CM (30) . They found that the majority of lefthanded children in their study sample presented with PFS following surgery.
Damage to other anatomical structures has also been implicated in association with PFS. Morris et al. reported a significant association between patients with T2 signal abnormalities in the pons, midbrain and the SCP (38) . Assessment of T2 abnormalities within the pons, midbrain, DN and SCP demonstrated that 90% of patients with PFS showed abnormalities in three or more of these structures. DTI and 18 FDG-PET studies have also offered insight into possible changes associated with PFS. As PFS presents postoperatively, there is an implication that the insult must occur during the surgical procedure. However, as discussed earlier, PFS is seen to begin after a period of normal neurological function following surgery. The timing of this may vary from a few hours to a day or more. Some have proposed that although the injury to particular anatomical structures may be due to direct surgical injury, the effect this has in causing PFS must be an indirect process.
The concept of crossed cerebro-cerebellar diaschisis, representing an indirect functional disturbance, has been described. This phenomenon was first recognised by Brown
Sequard as early as 1885 and subsequently reported by von
Monakow in 1914 (45) . It is defined as a sudden suspension of inhibition of function in one area of the brain after damage to another distant region that normally provides it input. This lack of input leads to a decrease in activity and loss of excitability in an otherwise normal region. Diaschisis (C,D) in these images, also T2-weighted MRI scans, the tumour compresses both superior cerebellar peduncles (C). In the post-operative image (D), both superior cerebellar peduncles are attenuated (arrows). Both children had PFS. These imaging data illustrate the association between loss of integrity of the superior cerebellar peduncle and PFS. PFS, posterior fossa syndrome; MRI, magnetic resonance imaging.
is a dynamic process with the potential for improvement and, in some cases, total functional resolution. There are no imaging changes in the areas of the brain that have been indirectly affected, at least in the short to medium term or in the mature brain. Diffusion tensor imaging studies show that parenchyma affected by diaschisis, in particularly subcortical white matter, may undergo long-lasting, possibly permanent structural changes (44, 46) . The phenomenon of crossed cerebro-cerebellar diaschisis has been known for several decades in the nuclear medicine community (47) . 18 FDG-PET studies have shown glucose hypotmetabolism, and SPECT studies indicate hypoperfusion in the cerebellar hemisphere contralateral to large supratentorial destructive lesion such as stroke. This phenomenon is believed to reflect reduced neuronal and synaptic activity, assuming that neurovascular coupling is still preserved (48) . Resting state functional MRI studies are expected to provide additional insight into the phenomenon of diaschisis in the future.
Reversible depression of cerebral blood perfusion and hypometabolism in supratentorial structures, such as the frontal lobes, bilateral thalami and the left temporal lobe of PFS patients have been confirmed repeatedly by nuclear medicine techniques but the mechanism of hypoperfusion in remote supratentorial structures remained unexplained for a while (6, 22, 49) . One of the earlier considerations for PFS was reversed cerebello-cerebral diaschisis. Dynamic susceptibility contrast MRI (DSC-MRI) was found to be sensitive to blood perfusion changes (24) . A retrospective study analysing DSC-MRI perfusion data in patients with clinically diagnosed PFS after posterior fossa surgery for midline intraventricular medulloblastoma showed that cerebral blood volume (CBV) in supratentorial brain cortex in these patients was less than in those without PFS (23) . This could be attributed to bilateral, reversed crossed cerebello-cerebral diaschisis. In PFS patients this drop in CBV was most prominent in the frontal regions, causing speculation that cerebral mutism may be related to a predominantly frontal lobe dysfunction and therefore represent a form of speech apraxia. These observations suggest a major role of the cerebellum in maintaining baseline cerebral cortical activity and modulation.
Soelva et al. (25) investigated the relationship between fronto-cerebellar association fibres (FCF), involved in neurocognitive regulatory circuitry, and PFS. Using diffusion weighted MR imaging at 3T and tractography of FCF using fibre tracking algorithm software, they concluded that volumes of FCF were significantly diminished in paediatric patients with symptoms of CM when compared to patients without symptoms. They also identified differences in fibre tract signals in the superior cerebellar peduncles and midline cerebellar structures in children with symptoms of CMS. This study highlighted the role of the neural circuitry between the frontal lobes and the cerebellum, and its 
Treatment
There have been a number of suggestions for treatment interventions for PFS. However, apart from some individual reports, there have been no clinical trials indicating possible benefit.
There are groups who consider dopaminergic cell groups in monoaminergic pathways to be important and therefore recommend the use of Bromocriptine, a dopamine agonist known to reverse the symptoms of akinetic mutism (25, 50) . However, it has not been shown to have this effect on patients with CM (20) . Thus far there has not been a single or combination of medical therapies that have proven to be of any benefit in PFS. There is no convincing evidence that medical therapy is an avenue through which resolution of this condition may be accelerated.
One of the most significant aspects of management of PFS includes counselling of patients and their parents about the basis of CM. Occupational therapy, speech and language therapy, as well as neurocognitive support, help to the improved recovery of these patients.
Conclusions PFS, with a reported incidence between 8% and 31% of children undergoing surgery for posterior fossa tumour, is a devastating condition with long-term effects. Whilst it is now thirty-one years since the first published work describing CM by Rekate, there has been no significant reduction in its incidence. The lack of a consistent definition has hampered detailed description and research. Although the pathogenesis of PFS is unclear, advances in imaging techniques has led to a better understanding of the anatomical structures, and their inter-relationships, affected in PFS.
